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A B S T R A C T The importance of ceruloplasmin in iron
metabolism was studied in swine made hypoceruloplas-
minemic by copper deprivation. When the plasma cerulo-
plasmin level fell below 1% of normal, cell-to-plasma
iron flow became sufficiently impaired to cause hypofer-
remia, even though total body iron stores were normal.
When ceruloplasmin was administered to such animals,
plasma iron increased immediately and continued to rise
at a rate proportional to the logarithm of the cerulo-
plasmin dose. The administration of inorganic copper
induced increases in plasma iron only after ceruloplasmin
appeared in the circulation. Thus, ceruloplasmin appeared
to be essential to the normal movement of iron from cells
to plasma.

Studies designed to define the mechanism of action of
ceruloplasmin were based on the in vitro observation
that ceruloplasmin behaves as an enzyme (ferroxidase)
that catalyzes oxidation of ferrous iron. Retention of in-
jected ferrous iron in the plasma of ceruloplasmin-de-
ficient swine was significantly less than that of ferric
iron, reflecting impaired transferrin iron binding. Rat
ceruloplasmin, which has little ferroxidase activity, was
much less effective than porcine or human ceruloplasmin
in inducing increases in plasma iron. These observations
suggest that ceruloplasmin acts by virtue of its ferroxi-
dase activity.

Eight patients with Wilson's disease were evaluated
in order to investigate iron metabolism in a disorder
characterized by reduced ceruloplasmin levels. Evidence
of iron deficiency was found in six of these, and in five
of the six, plasma ceruloplasmin was less than 5% of
normal. In comparison, the two patients without evi-
dence of iron deficiency had ceruloplasmin levels of 11
and 18% of normal. It is suggested that iron deficiency
tends to occur in those patients with Wilson's disease
who have the severest degrees of hypoceruloplasminemia,
possibly because of defective transfer of iron from in-
testinal mucosal cells to plasma.

Portions of this work were reported previously in abstract
form (1970. J. Clin. Invest. 49: 55 a.)
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INTRODUCTION

The rate of oxidation of ferrous iron by molecular oxy-
gen is greatly accelerated in vitro by the plasma copper
protein, ceruloplasmin (1, 2). On the basis of this en-
zymatic activity, ceruloplasmin has been classified as a
ferro-02-oxidoreductase and designated ferroxidase.

It has been proposed that the enzymatic oxidation of
ferrous iron is an essential step in the formation of
transferrin (1). This hypothesis holds that iron is pre-
sented to the cell surface in the reduced form, that it
is then oxidized to ferric iron, and that the ferric iron
so formed is bound by apotransferrin more rapidly than
ferrous iron would be.
The physiologic need for the enzymatic oxidation of

iron may be questioned because spontaneous oxidation of
iron occurs readily in the presence of molecular oxygen
and is accelerated by nonprotein substances present in
normal plasma, particularly citrate (3). Osaki, Johnson,
and Frieden (1) approached the problem of the relative
importance of the spontaneous and the enzymatic reac-
tions by studying their kinetics in plasma. The nonen-
zymatic rate of iron oxidation was found to be dependent
on a number of factors, including pH and the concentra-
tions of oxygen and ferrous ion. When certain assump-
tions were made about the physiologic status of these
factors, it was calculated that the amount of ferrous iron
that could be oxidized in plasma each day by means of
the nonenzymatic reaction was less than that which
normally flowed into plasma from the reticuloendothelial
system. These calculations supported the need for the
ferroxidase activity of ceruloplasmin in iron metabolism.

In our studies of copper-deficient swine, abnormalities
in iron metabolism were found which may be cited as
in vivo evidence for the above hypothesis. In these ani-
mals, the ability of mucosal cells, reticuloendothelial cells,
and hepatic parenchymal cells to release iron to the
plasma is impaired (4). Furthermore, the administration
of ceruloplasmin induces a rapid, sustained increase in
plasma iron as a result of an increased flow of iron into
plasma (5).
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The purpose of the present study is to provide addi-
tional in vivo evidence for the function of ceruloplasmin
described above.

If ceruloplasmin functions physiologically as a fer-
roxidase in promoting the rate of transferrin formation,
and if the abnormalities in iron metabolism observed in
copper-deficient swine are to be ascribed to a deficiency
of ceruloplasmin ferroxidase activity, it then follows
that in such animals: (a) there must be a deficiency of
ceruloplasmin; (b) the deficiency of ceruloplasmin
should precede the restriction in the flow of iron into
plasma as manifested by the development of hypofer-
remia; (c) an increase in ceruloplasmin in the circula-
tion should precede the increase in plasma iron which
follows the administration of copper; (d) the rate of
transferrin formation in vivo from intravenously injected
ferrous iron should be slower than that from intrave-
nously administered ferric iron; (e) a rapid increase in
plasma iron should occur following intravenous adminis-
tration of ceruloplasmin; (f) there should be little re-
sponse to a ceruloplasmin with little ferroxidase activity;
(g) there should be little response to an intravenous in-
jection of an active ferroxidase (asialoceruloplasmin)
which is rapidly removed from the circulation by the
liver, and finally, (h) abnormalities of iron metabolism
must be searched for in patients with Wilson's disease
and related to the degree of ceruloplasmin deficiency in
such patients.

MATERIALS AND METHODS
Pigs were obtained at 5 to 6 days of age and fed a copper-

and iron-deficient diet consisting entirely of canned con-
densed milk. Copper as copper sulfate was added to the con-
trol diet. Both control and deficient pigs were given 2.0 g
iron intramuscularly in the form of iron dextrins (Pigdex)
during the first 3 to 4 wk of life. No other sources of iron
were provided. Additional details of diet preparation and
animal care have been published (4, 6).

Porcine, rat, and human ceruloplasmins were prepared by
a method reported elsewhere (7). Asialoceruloplasmin was
prepared from porcine ceruloplasmin by means of a modi-
fication of the method of Morell, van den Hamer, Scheinberg,
and Ashwell (8). The enzymatic digestion of ceruloplasmin
by neuraminidase was carried out for 24 hr in dialysis casings
with continuous dialysis to remove sialic acid. Less than 1%
of the original sialic acid content remained after this pro-
cedure. Removal of neuraminidase from the incubation me-
dium was accomplished by repeated ultrafiltration in Centriflo
membrane cones, type XM-50 (Amicon Instrument Corp.,
New York).

Iron solutions for intravenous injection were prepared on
the day of the experiment. Ferric iron solutions were stabi-
lized by the addition of sufficient trisodium citrate to produce
a final citrate: iron molar ratio of 20: 1 (9). Ascorbic acid
was added to the ferrous iron solutions in a concentration
of 10 mg/ml. Final iron concentration in both solutions was
0.1 mg/ml.
The following three methods were used to estimate plasma

ceruloplasmin concentration.

(a) Paraphenylenediamine (pPD) oxidase activity was
assayed by the method of Ravin (10), modified by the use of
up to 1 ml of plasma when ceruloplasmin levels were low.
This technique was considered to be the most accurate mea-
sure of ceruloplasmin at low concentrations.

(b) Ferroxidase activity was assayed before and after the
addition of azide as reported elsewhere (3). "Total" fer-
roxidase (measured in the absence of azide) includes the
activity due to ceruloplasmin as well as that due to citrate.
"Nonceruloplasmin" ferroxidase (assayed in the presence
of azide) measures the activity of citrate. "Ceruloplasmin
ferroxidase" is calculated from the difference of these two
measurements and therefore tends to be a less accurate
measure of ceruloplasmin at low levels than pPD oxidase
activity.

(c) Plasma copper was determined by atomic absorption
spectrophotometry after deproteinization by the method of
Trinder (11). Since this technique measures albumin-bound
as well as ceruloplasmin copper, it is not an accurate mea-
sure of ceruloplasmin at low levels.
Methods for routine hematologic studies, bone marrow

iron stains, and total iron-binding capacity have been pub-
lished (12). Iron in plasma and various experimental prepa-
rations was measured by a technique similar to that for
estimating copper.

RESULTS
Plasma ceruloplasmin concentration in copper de-

ficiency. Markedly reduced plasma ceruloplasmin levels
were found consistently in copper-deficient pigs, regard-
less of the ceruloplasmin assay used (Table I). After
73 days of copper deprivation, the ceruloplasmin con-
centration was less than 2% of normal as estimated by
the ceruloplasmin ferroxidase technique and less than
0.5% of normal by the more accurate pPD oxidase as-
say. The plasma copper and total plasma ferroxidase
were reduced to lesser degrees, but these measures are
not specific for ceruloplasmin (see Methods). Nonceru-
loplasmin ferroxidase, which is a reflection of citrate
concentration, was similar in control and copper-deficient
pigs.

TABLE I
Measures of Plasma Ceruloplasmin in Control and

Copper Deficient Pigs*

Deficient
Copper as % of

Control deficient: control

Number 15 9
Plasma copper,
pg/100 ml 199 424 19 46 10%

pPD oxidase,
OD 530 0.59 ±0.13 0.0018 ±0.0013 0.3%

Ferroxidase,
pmoles/ml per hr

Total 156 ±24 21 ±4 13%
Nonceruloplasmin 18 43 20 ±3 111%
Ceruloplasmin 139 424 1.4 42.3 1%

* Values are mean ±1 SD.
t After 73 days on copper-deficient diet.
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Relation of ceruloplasmin deficiency to the development
of hypoferremia. In a previous investigation we ob-
served that copper-deficient pigs developed transient
hypoferremia, even though their iron stores were nor-
mal (4). The time course of the development of hypo-
ferremia and its relation to plasma ceruloplasmin levels
was studied in 10 such episodes of hypoferremia. A typi-
cal episode and its relation to plasma ceruloplasmin is
illustrated in Fig. 1. The onset of hypoferremia occurred
after an average of 9.5 wk (range 7-12) of copper
deprivation. In each pig, a severe degree of hypocerulo-
plasminemia was observed before the plasma iron de-
creased. The average value for plasma pPD oxidase
activity at the onset of hypoferremia was 0.0034 (range
0.0006-0.007). This is a value that is about 0.5% of
normal (Table I).

Relation of plasma iron to plasma ceruloplasmin levels
after copper administration. We reported previously
that the intravenous administration of inorganic copper
(100 ig/kg of body weight) to copper-deficient pigs was
followed by an increase in plasma iron (4). To ascertain
whether this phenomenon was preceded by the appear-
ance of ceruloplasmin in the plasma, the changes in both
pPD oxidase activity and plasma iron were monitored
after copper administration (Fig. 2).
The plasma pPD oxidase activity increased within 15

min after the injection of copper and continued to in-
crease linearly for 3 hr. Little change in the plasma iron
concentration was observed during the first 30 min.
Only after the oxidase activity reached 1% of normal
did the plasma iron increase begin, and then it in-
creased abruptly and rose more than 100 Ag/100 ml in
the ensuing 2.5 hr.
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FIGURE 1 The relation of plasma ceruloplasmin (Cp) to
the onset of hypoferremia in a copper-deficient pig. PFe,
plasma iron; pPD, p-phenylenediamine oxidase activity.

Binding of iron by transferrin after intravenous in-
jection of ferrous and ferric iron. If the spontaneous
oxidation of iron were rapid enough to insure binding to
transferrin, there would be no physiologic need for a
plasma enzyme with ferroxidase activity. To test the rela-
tive efficiency of the spontaneous and enzymatic reac-
tions in an in vivo system, the effect of an injection of
ferrous iron was compared with that of ferric iron in
control and copper-deficient pigs. In each case, the
amount of iron injected was 200 Ag/100 ml estimated
plasma volume (13) and the increase in plasma iron
10 min after the injection was determined.
When ferric iron was injected, there was no difference

between the plasma iron values in control and copper-
deficient animals. In contrast, when ferrous iron was in-
jected, the subsequent plasma iron values were con-
siderably lower in deficient animals than in controls
(Table II).
The consequences of defective plasma iron binding

were further demonstrated by injecting radioactive fer-
rous iron in the same doses described above and ob-
serving the amount of the radioactivity retained in plasma.
In a control animal, 85% of the radioactivity was found
in the plasma 10 min after the injection, whereas a
mean of only 31% was found in the plasma of four cop-
per-deficient animals.

Influence of ceruloplasmin administration on plasma
iron. We reported previously that the injection of
ceruloplasmin induced an increase in plasma iron in
copper-deficient pigs (4). In the present investigation,
the relation of this phenomenon to the amount of cerulo-
plasmin injected was studied. Ceruloplasmin was given
in doses calculated to increase the plasma ceruloplasmin
level by 0.1, 0.5, 1.0, and 10% of normal, respectively.
Details on the doses used and the levels of pPD oxidase
achieved are given in Table III.
Both the rate of increase in plasma iron concentration

and the maximum value achieved appeared to be related
to the amount of ceruloplasmin administered (Fig. 3).
A linear relation was observed between the "initial"
rate of plasma iron increase, as estimated by the value
at 30 min, and the logarithm of the plasma ceruloplasmin
concentration after the injection (Fig. 4).

Influence of rat and human ceruloplasmin on plasma
iron. Rat ceruloplasmin is capable of oxidizing pPD
but possesses little ferroxidase activity as compared with
porcine ceruloplasmin (Table IV). Rat and porcine
ceruloplasmins were injected intravenously into copper-
deficient pigs to evaluate the importance of ferroxidase
activity in the induction of plasma iron changes. Equiva-
lent amounts of the two proteins, as judged by pPD
oxidase activity, were injected. Rat ceruloplasmin was
found to have considerably less effect on the plasma
iron than porcine ceruloplasmin (Fig. 5A).
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FIGURE 2 Changes in plasma iron and plasma ceruloplasmin (Cp)
after the administration of copper sulfate to copper-deficient pigs.
The mean of two experiments in which 100 and 150 /Ag of copper per
kg body weight respectively were administered is illustrated. An in-
crease in Cp precedes the change in plasma Fe.

It might be argued that ceruloplasmin is species-spe-
cific in regard to its ability to increase the plasma iron
concentration. However, the administration of a "10%"
dose (Table III) of human ceruloplasmin to copper-de-

TABLE I I
Effect of an Intravenous Iron Injection on

Plasma Iron Concentration*

Increase in plasma iron

Copper
Injection Control deficient

pSg/100 ml pg/100 ml P

Ferric 145 1435 140 =:30 >0.05
Ferrous 182 4:52 91 1:23 <0.001

P > 0.05 P < 0.001

* Values are mean 4-SD of 9 to 13 experiments. P, probability
of significant difference (t test).

ficient pigs induced an increase in plasma iron of 169 sug/
100 ml in 180 min.

Influence of porcine asialoceruloplasmin on plasma
iron. The removal of sialic acid from ceruloplasmin

TABLE III
Amount of Ceruloplasmin Copper Administered

Intended
% of Body pg/100 ml pPDt

normal N weight Total of EPV* (OD 530)

kg pg pg/kg
10 11 12.9 118 9.1 15.0 0.09
1 4 9.2 11.9 1.2 2.0 0.01
0.5 4 11.6 7.5 0.6 1.0 0.005
0.1 4 12.5 1.6 0.15 0.2 0.001

* EPV, estimated plasma volume.
t pPD, p-phenylenediamine oxidase activity after the
injection.
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FIGURE 3 The change (A) in plasma iron after the injec-
tion of ceruloplasmin in four different doses, here designated
in terms of intended per cent of normal (Table III). Each
curve represents the mean of four studies.

results in no loss of either pPD or iron oxidizing ac-
tivity (Table IV), but asialoceruloplasmin differs from
native ceruloplasmin in that it leaves the plasma within
minutes and is sequestered in the liver (14).

Porcine asialoceruloplasmin was injected intrave-
nously to determine if an active ferroxidase which is
promptly deposited in hepatic parenchymal cells would
be capable of inducing an increase in plasma iron.

Asialoceruloplasmin had little or no effect on the
plasma iron as compared with an equivalent amount of
native ceruloplasmin (Fig. 5B). Thus, it appears that
the iron oxidizing activity of ceruloplasmin is carried
out in the plasma.

Ceruloplasmin levels and iron metabolism in Wilson's
disease. Hypoceruloplasminemia is a characteristic
finding in patients with Wilson's disease. In view of
the function of ceruloplasmin delineated in the above
studies, disturbances of iron metabolism might be ex-
pected to occur in Wilson's disease.
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FIGURE 4 The relation of induced change in plasma cerulo-
plasmin (log scale) as measured by p-phenylenediamine oxi-
dase (pPD) to the initial rate of plasma iron increase as
estimated by the increase 30 min after injection.

Eight patients with Wilson's disease were studied to
determine the degree of hypoceruloplasminemia and to
search for abnormalities of iron metabolism (Table V).
Of the eight patients, two (K.H. and C.H.) were stud-
ied before therapy. One patient (L.D.), reported in de-
tail elsewhere (15), was 6 months pregnant; penicilla-
mine had been discontinued for 7 months and reinstituted
1 wk before the study. The remaining patients had taken
0.5-2 g penicillamine per day continuously for 5-12 yr.
The degree of ceruloplasmin deficiency in these eight

patients was assessed by means of multiple procedures.

TABLE IV
Comparison of the Biochemical Properties ofPorcine, Human,
and Rat Ceruloplasmin and Porcine Asialoceruloplasmin

Porcine Rat Human Porcine
Relative cerulo- cerulo- cerulo- asialocerulo-
activity plasmin plasmin plasmin plasmin

pPD/Cu,
OD 530/pg 0.34 0.2 0.29 0.43

Ferroxidase/Cu
psmoles/hr per pug 72 0.06 29 87

Ferroxidase/pPD.
pmoles/hr/OD 530 208 3 103 204
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FIGURE 5 The effect of rat ceruloplasmin (Cp) and porcine asialocerulo-
plasmin (Asialo Cp) on plasma iron in copper-deficient swine. A: Rat
ceruloplasmin and porcine ceruloplasmin are compared in a "0.5% of normal"
dose (Table III). B: Porcine asialoceruloplasmin and ceruloplasmin are
compared in a "1%o of normal" dose (Table III). Bars indicate total range.
Both rat ceruloplasmin and porcine asialoceruloplasmin are very much less
effective than porcine ceruloplasmin.

Plasma pPD oxidase activity varied from 0.003 to
0.090, or from 1 to 29% of the normal mean. Two of the
eight patients (B.S. and D.H.) had pPD values at or

near the levels that appeared to be associated with the

onset of hypoferremia in pigs (0.0006-0.007 or 0.1-1%
normal). In the remaining six patients, pPD values
greater than 0.010 (3% of normal) were observed. All
patients were found to have hypocupremia and reduced

TABLE V
Plasma Ferroxidase and Iron Metabolism in Wilson's Disease

pPD oxidase
Cerulo- Noncerulo-

% of Total plasmin plasmin Transferrin Marrow
Subject OD 530 normal ferroxidase ferroxidase ferroxidase Citrate saturation iron*

Normal Mean 0.31 100 53 37 17 25
Range: 0.22-0.41 71-132 40-67 21-52 7-27 11-39 20-45

pmoles/ml per hr pg/mI %
B. S. 0.003 1 11 1 10 23 26
D. H. 0.004 1.3 9 2 7 19 13 0
R. W. 0.010 3.2 11 2 9 23 21 -
K. H. 0.011 3.5 16 1 15 37 17 0
C. H. 0.013 4.2 16 2 14 36§ 9 0
C. S. 0.035 11 17 3 14 22§ 38 T
L. D.!I 0.055 18 21 7 14 31 30 T
N. W. 0.090 29 25 5 20 41 9 0

* 0, absent; 1, decreased; t, increased.
t Mean 42 SD.
§ Citrate performed on a specimen different from that used in other studies.
Subject was pregnant at the time of study.
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values for total and ceruloplasmin ferroxidase. Values
for plasma citrate, which is chiefly responsible for the
nlonceruloplasmin ferroxidase activity (3), were normal
in seven patients and slightly increased in one.
Of the eight patients, four (D.H., K.H., C.H., and

N.W.) were judged to be deficient in iron on the basis
of absent bone marrow iron stores and reduced values
for transferrin saturation. One of these (D.H.) had
excessive menstrual blood loss, but in the other three,
clinical evaluation did not reveal a cause for iron de-
ficiency. In a fifth patient (B.S.) marrow iron stores
were decreased but not absent, and in a sixth (R.W.),
transferrin saturation was at the lower limit of nor-
mal. Both were young males with no history of blood
loss. Only two of the eight patients (C.S. and L.D.) had
no evidence of iron deficiency, and in both of these
plasma ceruloplasmin concentration was greater than
10% of normal.

DISCUSSION
The data reported herein support the concept that

ceruloplasmin is essential to the normal movement of
iron from cells to plasma. Ceruloplasmin appears to act
by virtue of its ferroxidase activity which facilitates
transferrin formation, as presented schematically in
Fig. 6. Evidence for these conclusions will be summarized
below, and several physiologic and pathologic implica-
tions of the data will be discussed briefly.
Evidence that ceruloplasmin is necessary for optimal

flow of iron from cells to plasma. It was demonstrated
previously that mucosal cells, hepatic parenchymal cells,
and reticuloendothelial cells of swine deficient in cop-
per are capable of taking up iron, but fail to release it
to the plasma at the normal rate (4). In the present
study, these abnormalities in iron metabolism were
shown to be associated with a severe deficiency of en-
zymatically active ceruloplasmin. As copper deficiency

.M C

P c Fe f a +-Apoe's -ef
32 ES

FIGURE 6 Proposed scheme for the role of ceruloplasmin
in iron metabolism, according to the hypothesis of Osaki
and coworkers (1). Iron, in the form of ferrous ion (Fe++)
is presented to the surface of mucosal cells (MC), paren-
chymal cells (PC), and cells of the reticuloendothelial sys-
tem (RES). Ceruloplasmin (Cp) is required for optimal
oxidation to ferric ion (Fe+++), in which form iron com-
bines with apotransferrin (Apo Tf) to form transferrin (Tf).

developed, plasma ceruloplasmin levels decreased rapidly,
reaching less than 1% of the normal mean at 10-12 wk
of age (Table I, Fig. 1). These animals therefore repre-
sent a model in which the physiologic consequences of
ceruloplasmin lack should be apparent.
One of the signs of restricted reticuloendothelial iron

outflow in copper-deficient pigs is the development of
transient hypoferremia (4). In the present study, hypo-
ferremia was observed only after a reduction of plasma
ceruloplasmin to less than 1% of the normal level. The
demonstrataion of such a sequence of events is a pre-
requisite to the acceptance of a cause and effect rela-
tionship between hypoceruloplasminemia and the hypo-
ferremia. Later in the course of copper deficiency, the
plasma iron increases as a consequence of a diminished
flow of iron from transferrin to marrow, as discussed in
an earlier publication (4).
The administration of ceruloplasmin to copper-defi-

cient pigs was followed by a prompt and appreciable in-
crease in plasma iron (Fig. 3). Earlier studies of non-
steady-state ferrokinetics following ceruloplasmin ad-
ministration indicated that the increase is due to iron
flowing into plasma, presumably from reticuloendothelial
or hepatic parenchymal cells (5). Thus, ceruloplasmin
administration has been shown to correct the defect in
cellular iron outflow which is observed in copper
deficiency.
The effect of ceruloplasmin cannot be explained by the

copper contained therein (5). The administration of
inorganic copper induced an increase in plasma iron,
but it was necessary to give 100-150 pg/kg of inorganic
copper in order to approximate the effect of 0.6-1.2 pg/kg
of ceruloplasmin copper (Figs. 2, 3). Furthermore, the
plasma iron response to this relatively high dose of in-
organic copper was delayed as compared with the re-
sponse to ceruloplasmin, and the delay was associated
with an increase in plasma ceruloplasmin of an order
that would in itself stimulate iron outflow (Fig. 2).
Thus, it appears that copper exerts its effect on plasma
iron only by making ceruloplasmin synthesis possible.
Evidence that the effect of ceruloplasmin on iron

metabolism is due to its ferroxidase activity. The
ability of the hypoceruloplasminemic pig to retain in-
jected ferrous iron in the plasma was impaired (Table
II). This abnormality was related to the oxidation state
of the iron since retention of ferric iron was unim-
paired. Failure to retain iron in plasma implies that the
iron did not become bound to transferrin. Thus, cerulo-
plasmin appears to be essential to an optimal rate of
transferrin formation from ferrous iron. The nonenzy-
matic rate of iron oxidation was not adequate to insure
complete iron-binding in this system. These observations
constitute an in vivo demonstration of the abnormality
in iron binding in ceruloplasmin deficiency predicted
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FIGuRE 7 The relation of plasma ceruloplasmin levels to the
theoretical maximum possible rate of plasma iron turnover. The
shaded area indicates the normal range of plasma iron turnover.
Only 1% of the normal level of ceruloplasmin is required for
normal rates of iron turnover; however, much larger amounts are
required under circumstances in which iron turnover increases.

by Osaki, Johnson, and Frieden on the basis of in vitro
investigations (1).
Rat ceruloplasmin was very much less effective than

porcine ceruloplasmin in inducing increases in plasma
iron (Fig. 5A). Since rat ceruloplasmin differs from
porcine in that the former possesses little ferroxidase
activity, this observation implies that for a given cerulo-
plasmin to be active, it must possess adequate ferroxidase
activity.

It has been proposed by others that ceruloplasmin
functions by transferring its copper to a critical intra-
cellular site (16, 17). Our data do not support this con-
cept in regard to the iron-oxidizing function of cerulo-
plasmin since asialoceruloplasmin, a protein which pos-
sesses ferroxidase activity but which is deposited in
hepatic parenchymal cells within minutes (14), was
considerably less active than the native protein in in-
ducing an increase in plasma iron (Fig. 5B). These

studies suggest that ceruloplasmin functions intravas-
cularly, probably at the cell membrane-plasma interface
(Fig. 6), rather than intracellularly.
Physiologic and pathologic significance of the cerulo-

plasmin effect. The data presented indicate that only
a small fraction, probably less than 1% of the cerulo-
plasmin in the circulation of normal pigs, is required to
maintain a normal cell to transferrin flow of iron. Hy-
poferremia did not occur in the copper-deficient animals
until the plasma ceruloplasmin activity decreased to less
than 1% of the normal level. The plasma iron concen-
tration did not increase after the injection of copper
until the ceruloplasmin activity reached 1% of the nor-
mal level. An amount of ceruloplasmin, which increased
the plasma ceruloplasmin activity to 0.1% of the normal
level, induced a measurable increase in plasma iron
(Fig. 3). Thus, in the normal animal, a considerable
excess of ceruloplasmin is present.
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The logarithmic nature of the ceruloplasmin dose-
response curve (Fig. 4) has several interesting physio-
logic implications. These can be appreciated more
readily by recalculating the data in Fig. 4 so as to pre-
sent the relationship between plasma ceruloplasmin in
"per cent of normal" and the maximal possible plasma
iron transport rate (Fig. 7).

Standing in contrast to the small amounts of cerulo-
plasmin that appear to be adequate in the normal situa-
tion are the large amounts necessary to support the in-
creased rates of iron turnover found in pathologic cir-
cumstances, such as hemolysis or hemorrhage. It appears
that the normal ("100%") level of ceruloplasmin will
support a plasma iron transport rate of 5.2 mg/kg per
day, or about five times the normal rate. Plasma iron
transport rates of this magnitude have been observed in
several experimentally induced anemias in swine (18).
Thus, the amount of circulating ceruloplasmin, although
greatly exceeding that necessary for the normal animal,
may be required under pathologic circumstances.
On the other hand, it seems unlikely that the plasma

ferroxidase activity becomes a rate-limiting step in iron
metabolism in human disease. Instead, the ceruloplasmin
concentration, as reflected by plasma copper levels, can
and does increase above normal in many anemias as-
sociated with an increased plasma iron transport rate
(19).
Since Wilson's disease is usually accompanied by cer-

uloplasmin deficiency, it might be anticipated that this
disease would be associated with abnormalities in iron
metabolism similar to those seen in the copper-deficient
pig. Therefore, it was of interest to search for such ab-
normalities and to relate them to the degree of hypo-
ceruloplasminemia.

In only two of eight patients with Wilson's disease
was the ceruloplasmin activity near or below 1% of the
normal mean, the level at which the first signs of ab-
normal iron metabolism were observed in copper-deficient
swine. In the other six patients the values ranged from
3 to 29% of normal (Table V). In a previous report
from this laboratory (20), plasma ceruloplasmin was
measured by an immunologic method in 28 patients with
Wilson's disease, and values from 2 to 22 mg/100 ml
(normal, 27-38) were obtained. In another study (21),
plasma ceruloplasmin was found to exceed 5 mg/100 ml
(normal, 20-35) in 84 of 111 patients with the disease,
but the degree of deficiency in the 27 patients with less
than 5 mg/100 ml was not presented. These observations
indicate that most patients with Wilson's disease main-
tain a ceruloplasmin level that may be presumed to be
adequate to provide for a normal plasma iron transport
rate. This may account for the paucity of reports sug-
gesting that iron metabolism is abnormal in Wilson's
disease. In addition it should be pointed out that the

plasma iron transport rate of growing pigs (22) is twice
that of the nongrowing human subjects, and that for this
reason a deficiency of ceruloplasmin would be more
readily manifest in the pig than in man.
The only abnormality in iron metabolism found in

our patients was iron deficiency, occurring in at least
four and possibly six of the eight patients. Relatively
high values for ceruloplasmin were found in the two pa-
tients with no iron deficiency. Iron deficiency is a mani-
festation of copper deficiency in swine given iron by
mouth. This occurs because of defective iron absorption,
a consequence of impaired mucosal cell-to-plasma iron
transfer (4). Other investigators have reported the oc-
currence of unexplained iron deficiency in Wilson's dis-
ease (23). However, the number of patients in which
careful studies of iron stores have been made is too
small to establish that iron deficiency occurs with in-
creased frequency in this disorder. In order to be cer-
tain, more patients must be studied, especially those
with the severest degrees of hypoceruloplasminemia.
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